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Immune cells, both tissue resident immune cells and those immune cells recruited in response to wounding or
degenerative conditions, are essential to both the maintenance and restoration of homeostasis in most tissues.
These cells are typically provided to tissues by their closely associated vasculatures. However, the lens, like many
of the tissues in the eye, are considered immune privileged sites because they have no associated vasculature.
Such absence of immune cells was thought to protect the lens from inflammatory responses that would bring with
them the danger of causing vision impairing opacities. However, it has now been shown, as occurs in other
immune privileged sites in the eye, that novel pathways exist by which immune cells come to associate with the
lens to protect it, maintain its homeostasis, and function in its regenerative repair. Here we review the discov
eries that have revealed there are both innate and adaptive immune system responses to lens, and that, like most
other tissues, the lens harbors a population of resident immune cells, which are the sentinels of danger or injury
to a tissue. While resident and recruited immune cells are essential elements of lens homeostasis and repair, they
also become the agents of disease, particularly as progenitors of pro-fibrogenic myofibroblasts. There still re
mains much to learn about the function of lens-associated immune cells in protection, repair and disease, the
knowledge of which will provide new tools for maintaining the core functions of the lens in the visual system.

1. Introduction
Many tissues of the eye, including the lens, have long been defined as
immune privileged. This special state presents the eye with particular
challenges in providing its tissues with the ability to protect and repair
following injury, and in response to degenerative conditions and path
ogenesis. In most tissues, the blood and lymph vasculature provide a
direct source of crucial immune and bone marrow mesenchymal repair
cells that perform these functions. In the eye, the vascular system is
sequestered from sites where it would interfere with the light path to the
retina and impair vision. The lens is an avascular tissue of the eye. Like
the cornea, it is challenged to retain its transparency and deliver images
to the retina despite its daily exposure to mechanical and chemical
stresses. In other tissues, such stresses are ameliorated through activa
tion of both innate and adaptive immune responses (Eming et al., 2009;
Godwin and Brockes, 2006; Pellicoro et al., 2014). There are many other
sites in the body classified as immune privileged (Godwin and Brockes,

2006; Medawar, 1948; Taylor and Kaplan, 2010), and there, as well as in
other avascular regions of the eye, non-canonical mechanisms have been
discovered that these tissues use for immune cell recruitment (Keino
et al., 2018; Mousa et al., 2021). How immune privileged tissues are
surveilled by the immune system while still preserving their privileged
state is an active area of study, and recent literature regarding both the
CNS and the eye suggests that immune quiescence is a better description
for their immune privileged status (Aspelund et al., 2015; Knickelbein
et al., 2014; Ransohoff and Engelhardt, 2012; Shechter et al., 2013).
It had been thought that there was no source of immune cells in the
adult eye that surveilled and protected the lens during homeostasis,
responded to stresses to the lens such as from UV light exposure, pro
vided repair-modulating cells in response to lens injury or pathogenesis,
or protected the lens when other regions of the eye, like the conjunctiva
or cornea, are injured or infected. Only recently has it been shown that
there is surveillance of the lens by immune cells in response to eye
injury, an adaptive immune response to lens degeneration, and a repair
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response by immune cells activated upon lens wounding. The new un
derstanding of the lens’ potential as the target of a tissue-specific im
mune response has provided a new perspective of the mechanisms of
lens protection and repair. The access of immune cells to the lens has
also led to studies of how aberrant immune responses in the lens can be
misdirected and lead to fibrosis, as occurs in cataract and Posterior
Capsule Opacification (PCO). We examine these areas of research in this
review.

primordium (Caudros, 1991; Nishitani and Sasaki, 2006); however, it
was believed that these immune cells disappeared from the lens after the
lens vesicle had closed (Nishitani and Sasaki, 2006). In studies with both
chick and mouse embryos it has now been shown that a population of
lens resident immune cells is established during embryonic development
(modeled in Fig. 1A) and maintained into the adult (Menko et al., 2021).
A vasculature is associated with the lens during eye development
consisting of the tunica vasculosa lentis, a network of capillaries that
originates from the hyaloid artery, and the anterior pupillary mem
brane, a second capillary network that originates from the ciliary veins,
which anastomoses with the tunica vasculosa. This lens-associated
vasculature, which is believed to provide essential factors to the devel
oping lens and is removed by apoptotic mechanisms around the time of
birth (Ito and Yoshioka, 1999; Zhu et al., 2000), is a potential source of
lens resident immune cells. Unlike mammals, the lenses of most
non-mammalian vertebrates, including chickens, develop in the absence
of an associated fetal vasculature (Beebe, 2008). Therefore, the resident
immune cells that populate chick embryo lenses during development
must have a different route of travel that is likely paralleled in other
species. One source was shown to be across the ciliary zonules that link
the lens to the vasculature-rich ciliary body (modeled in Fig. 1A). Im
mune cells expressing an antigen common to both monocytes and
macrophages were found to migrate along these zonule fibrils to their
site of interaction with the lens equatorial capsule during development,
and immune cells take up residence among the cells of the equatorial
epithelium (Menko et al., 2021), revealing the ciliary body as a principal

2. The lens harbors a population of tissue resident immune cells
A large step towards understanding the lens immune response was
the discovery that the lens harbors a population of tissue resident im
mune cells (Menko et al., 2021). Resident immune cells are present in
almost all tissues (Caputa et al., 2019; Davies et al., 2013), including
other immune privileged sites such as the avascular cornea in the eye
and the hair follicles in the skin (Hamrah et al., 2003; Heath and Car
bone, 2013). These immune cells typically become positioned within
their host tissues during development, with tissue resident macrophages
often seeded quite early, with their lineage linked to the waves of em
bryonic hematopoiesis (Ginhoux and Guilliams, 2016). These embryonic
tissue resident immune cell populations are shown to be maintained,
still present in the adult tissues they had populated without additional
replenishment from the bone marrow (Ginhoux and Guilliams, 2016). It
has long been recognized that resident macrophages (F4/80+), with a
hemangioblastic lineage, become localized amongst the cells of the lens

Fig. 1. Association of immune cells with the avascular lens modeled. (A) Resident immune cells (green) populate the lens during development, traveling across
the ciliary zonules from the adjacent ciliary body (this panel is adapted from DeDreu et al., FASEB J. (2020) 34:9316 (DeDreu et al., 2020)); (B) lens resident immune
cells (red) are activated post-cataract surgery wounding and rapidly populate the wound edge (this panel is adapted from Menko et al. Exp Cell Res. (2014) 322:133
(Menko et al., 2014b)); (B, inset) the activated lens resident immune cells express CD45, CD44, CD14, β2 integrin, MHC-II and cell-surface vimentin; (C) in response
to cytokines and chemokines produced upon cataract surgery wounding circulating innate immune cells are recruited to the lens (the post-cataract surgery lens image
in this panel was adapted from Eldred et al., Phil. Trans. R. Soc. B (2011) 366:1301 (Eldred et al., 2011)); (D) cornea debridement wounding induces the surveillance
of the lens by immune cells (this panel is adapted from DeDreu et al., FASEB J. (2020) 34:9316 (DeDreu et al., 2020)); (E) macrophages, T cells and B cells are
recruited to regions of lens dysgenesis and recruited CD45+/β2+ immune cells become a source of αSMA + myofibroblasts (this panel is adapted from Logan et al. Sci
Rep. 2017 7:16235 (Logan et al., 2017a)).
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for their function in directing post-cataract surgery wound healing
(Menko et al., 2014a). At the cataract-surgery wound edge the resident
immune cells extend vimentin-rich but actin-poor lamellipodia along
the lens basement membrane capsule. Perturbation of vimentin function
in these cells either by siRNA knockdown, or by exposing them to the
vimentin-targeting drug withaferin A (WFA) that blocks vimentin
function by binding to and covalently modifying the cysteine residue in
its α-helical coiled-coil domain (Bargagna-Mohan et al., 2007), pre
vented their elaboration of lamellipodia and significantly slowed wound
closure (Menko et al., 2014a). In cornea wounding, treatment with WFA
also had similar effects on wound repair to the knockout of vimentin and
prevented fibrosis (Bargagna-Mohan et al., 2012).
While classical studies of vimentin focused only on its role as an
intracellular intermediate filament protein, vimentin has now been
found also to have functions as an extracellular protein. Extracellular
vimentin is produced in response to certain stimuli, including tissue
injury, and in various pathological conditions (Danielsson et al., 2018;
Ramos et al., 2020; Shigyo and Tohda, 2016). Vimentin lacks a true
secretory signal (Perides et al., 1987), and its mechanism of release is
not yet understood. However, extracellular vimentin is known to func
tion after becoming linked to the surface of cells (Patteson et al., 2020;
Ramos et al., 2020). This finding has important implications for the
response of lens resident immune cells to wounding, especially as
extracellular vimentin has been identified as released by and/or linked
to the surface of innate immune cell types including monocytes (Thia
garajan et al., 2013) and macrophages (Mor-Vaknin et al., 2003).
Shortly after cataract surgery injury extracellular vimentin was elabo
rated by the remaining cells of the lens into the wound environment
(Walker et al., 2018). It is not yet known if this extracellular population
of vimentin is produced by lens epithelial and/or lens resident immune
cells; however, extracellular vimentin becomes localized exclusively on
the surface of the injury-activated resident immune cells (Walker et al.,
2018) (modeled in Fig. 1B). Co-labeling of chick (Fig. 3) and human
pediatric (Fig. 4) post-cataract surgery lens explants for extracellular
vimentin and immune cell proteins shows that cell surface-linked
vimentin is a shared feature of wound-activated lens resident immune
cells between species. A role for this vimentin population in the lens
tissue repair process was revealed in studies of post-cataract surgery
wound-healing conducted in the presence of antibodies that block
extracellular vimentin function (Walker et al., 2018).
Extracellular vimentin suppresses pro-inflammatory cytokine pro
duction by LPS-induced dendritic cells and reduces the secretion of the
pro-inflammatory cytokine IFN-γ by naïve CD4+ T cells when they are
co-cultured with dendritic cells, indicating that extracellular vimentin
impairs T cell differentiation to T helper type 1 (Th1) cells (Yu et al.,
2018). These findings have led to the conclusion that extracellular
vimentin is critical to preventing a pro-inflammatory adaptive immune
response, protecting tissues from damage and avoiding an autoimmune
response (Yu et al., 2018). These studies show the importance of future

source of lens resident immune cells. Hyalocytes, an immune cell type
with properties of monocytes/macrophages that are located in the vit
reous humor, the matrix substance in the posterior eye chamber between
the lens and the retina (Lutty and McLeod, 2018), are another potential
source of resident immune cells.
As resident immune cells are also a feature of human lenses (Menko
et al., 2021), it is very important to increase our understanding of how
these immune cells respond to lens injury or the wounding/trauma of its
surrounding eye tissues, as well as how they contribute to pathogenic
diseases common to the lens. One of the primary functions of tissue
resident immune cells is their role in maintaining tissue homeostasis
(Lech et al., 2012). They are quickly activated in response to injury or
trauma, and characterized as the earliest responders to a wound site
(Oishi and Manabe, 2018). This property has led to their description as
the “sentinels of the immune system” (Davies et al., 2013). Among the
best studied functions for tissue resident immune cell are their roles in
removing cellular debris and in guarding tissues against pathogenic in
fections (Davies et al., 2013). Resident immune cells also play an active
role in repair of sterile tissue injuries. The resident immune cells of the
lens are located amongst the cells of the lens epithelium, found inter
digitated with the epithelial cells of human, mouse and chicken lenses
(Menko et al., 2021) (modeled in Fig. 1A). They comprise about 3% of
the lens cell population. In addition to their expression of common im
mune cell proteins including CD45, β2 integrin, and CD44, lens resident
immune cells express very high levels of the intermediate filament
protein vimentin (Menko et al., 2014a, 2021). Many of these immune
cells also exhibit properties of professional Antigen Presenting Cells
(APCs), including their distinctive dendritic morphology and expression
of the major histocompatibility complex Class II (MHC II) protein
(Menko et al., 2021). 3D structural renderings of confocal Z-stacks
revealed that these dendritic immune cells extend MHC II-rich processes
that wrap around the adjacent lens epithelial cells (Menko et al., 2021).
As APCs function in the activation of T cells, the discovery of their
presence in the lens provided evidence that the lens is competent to
activate an adaptive immune response to injury.
3. Lens resident immune cells are activated in response to
wounding of the lens
Prior to their identification as resident immune cells, this vimentinrich mesenchymal cell subpopulation of the lens was identified as the
immediate responders to cataract surgery-wounding, rapidly populating
the wound edge (Fig. 2, modeled in Fig. 1B). These cells were shown to
guide the regenerative repair of the lens epithelium to close the wound
(Menko et al., 2014a; Walker et al., 2010), consistent with the role of
resident immune cells in response to sterile tissue wounding (Peiseler
and Kubes, 2018). The enriched expression of vimentin is a salient
feature of the lens resident immune cells. This cytoskeletal protein is
critical to the migratory properties of these immune cells and required

Fig. 2. Resident immune cells activated upon
cataract surgery wounding immediately
populate the wound edge. Ex vivo cataract
surgery wounded E15 chick embryo lenses were
fixed within 15 min post-wounding and coimmunolabeled for (A) vimentin (red), cadherin
(green) and nuclei (blue) or (B) β2 integrin (red,
an immune cell-specific integrin) and vimentin
(green) and imaged by confocal microscopy. The
β2 integrin+ resident immune cells that populate
the cataract surgery wound edge highly express
the intermediate filament protein vimentin. This
figure is adapted from Menko et al., FASEB J.
(2021) 35(4), e21341 (Menko et al., 2021). Re
sults are representative of 3 independent
experiments.
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Fig. 3. Extracellular vimentin associates with
the surface of resident immune cells within 1
h of chick lens cataract surgery wounding. Ex
vivo cataract surgery wounded E15 chick embryo
lens cultured as explants until 1-h post-injury, (A,
C) live-labeled with vimentin antibody to bind
cell-surface associated vimentin (surface vimen
tin, red), fixed and co-labeled for (B,C) the major
histocompatibility complex II protein (MHC II,
green), (A–C) F-actin (purple) and (A–C) nuclei
(blue). Surface labeling of vimentin and labeling
for MHCII in cells at the wound edge are repre
sentative of 3 independent experiments.

Fig. 4. Extracellular vimentin is linked to the surface of resident immune cells in post-cataract surgery wounded human lens explants. Explants obtained
from pediatric human cataract surgery were grown in culture as explants and live-labeled with (A,C) vimentin antibody to bind cell-surface associated vimentin
(surface vimentin, red), fixed and co-labeled for (B,C) the immune cell protein CD45 (CD45, green), and (A–C) nuclei (blue).

investigations into whether extracellular vimentin plays a role in
modulating the lens immune response to cataract surgery wounding.
Many of the lens resident immune cells are APCs with a dendritic cell
morphology (Menko et al., 2021). However, it remains to be determined
whether extracellular vimentin plays a similar role in suppressing an
adaptive immune response by antigen presenting lens resident immune
cells in response to injury in order to prevent autoimmunity, protecting
the lens and maintaining vision.
Tissue resident immune cells, including both macrophages and
dendritic cells are considered professional phagocytes that play an
important role in removing cell debris, apoptotic cells and pathogens
post-wounding (Arandjelovic and Ravichandran, 2015; Lim et al.,
2017). The vimentin-rich cells that rapidly populate the wound edge of
chick embryo ex vivo cataract surgery explants were found to phago
cytose pHrodo-labeled E. coli BioParticles Conjugate (Fig. 5), demon
strating that they too are professional phagocytes.
4. Production of cytokines post-cataract surgery wounding is
associated with induction of an innate immune response

Fig. 5. Resident immune cells activated post-cataract surgery wounding
exhibit phagocytic properties. Ex vivo cataract surgery wounded E15 chick
embryo lenses were exposed at one day post-wounding to pHrodo Green E. coli
BioParticles Conjugate (ThermoFisher) for 2hr and co-labeled for F-actin
(purple) prior to confocal imaging. Resident immune cells that locate to the
wound edge were found to have phagocytic properties by their ability to ingest
pHrodo. Lens epithelial cells did not take up the pHrodo particles.

The discovery that the lens harbors tissue resident immune cells that
function as immediate responders to wounding implied their partici
pation in cytokine-dependent cell-mediated immune responses postcataract surgery wounding. In studies with cataract surgery wounded
mouse lenses, it was shown that chemoattractant and pro-inflammatory
cytokines are rapidly produced by the wounded lens post-cataract sur
gery (Jiang et al., 2018). Cytokine production was followed by recruit
ment of circulating innate immune cells to the wounded lens tissue
(modeled in Fig. 1C), first αM integrin+ immune cells, a population
which could include both neutrophils and macrophages, with a later

surge of F4/80+ macrophages (Jiang et al., 2018). These studies
revealed that there are many cytokines and chemokines produced by the
epithelial cells of cataract surgery-wounded lenses, each with specific
patterns and timing of expression in response to lens wounding. Among
4
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them are the pro-inflammatory protein S100a9 and the chemokines
CXCL1 and CCL2 (monocyte chemoattractant protein-1 (MCP-1)) (Jiang
et al., 2018). The chemokines induced in this cataract surgery model are
known chemoattractants for neutrophils, macrophages, and monocytes
(Sokol and Luster, 2015). Similarly, qPCR studies of post-cataract sur
gery injured chick embryo lenses that, like the mouse lens, harbor
resident immune cells among the wounded lens epithelium, show the
rapid induction of SDF-1, CXCR4 (the receptor for SDF-1) and CCR2 (the
receptor for CCL2), within 1-h post-wounding (Fig. 6). As resident im
mune cells are a source of chemokines and inflammatory cytokines,
including tumor necrosis factor (TNF) and IL-1 (Sokol and Luster, 2015),
it will be important to determine the contribution of the lens resident
immune cells to cytokine production and recruitment of immune cells to
the post-cataract surgery injured lens.

leads to the degeneration and death of fiber cells beginning just prior to
birth, which is progressive and causes opacities in the adult. When the
response of the adaptive immune system to lens dysgenesis and fiber cell
degeneration was examined in the N-cadΔlens mouse, increasing
numbers of macrophages were found to populate the lens tissue as its
degeneration increased. In addition to macrophages, T cells and B cells
also were recruited to N-cadΔlens mouse lenses, showing the induction of
an adaptive immune response in response to this lens dysgenesis (Logan
et al., 2017a) (modeled in Fig. 1E). These immune cells populated the
lenses of N-cadΔlens mice in the presence of an intact lens capsule,
demonstrating that the matrix compartment that surrounds the lens is
not a barrier to the transit of immune cells (Logan et al., 2017a). Recent
studies of the organization, composition, and crosslinking of matrix
components of the lens capsule (Cummings and Hudson, 2014; DeDreu
et al., 2021; Halfter et al., 2020), reveal properties consistent with it
being a permissive environment through which immune cells can
migrate.
In the degenerative regions of N-cadΔlens mouse lenses to which
immune cells are recruited there is an accumulation of the profibrogenic protein collagen I, and the transition of the recruited im
mune cells to αSMA + myofibroblasts (Logan et al., 2017a). This finding
suggests that other fibrotic disorders of the lens associated with cata
ractogenesis may reflect a fibrogenic outcome of immune cell recruit
ment. There are many examples linking inflammatory responses to
fibrosis (Huang et al., 2020; Vannella and Wynn, 2017; Wynn and
Vannella, 2016). When ocular traumas occur, they lead to the produc
tion of cytokines and inflammation (Dohlman et al., 2019; Jiang et al.,
2014; Rosenbaum et al., 1991), and trauma to the eye has been linked to
cataractogenesis including the example of Anterior Subcapsular Cata
racts (ASC) (Wormstone et al., 2020). ASC is a fibrogenic cataract with
fibrotic regions rich in a collagen I matrix populated by α-SMA +
myofibroblasts (Xiao et al., 2015) that are associated with the epithelial
to mesenchymal transition (EMT) of lens epithelial cells (Korol et al.,
2014). For this and other trauma-induced cataracts it would be impor
tant to consider the potential contributions of immune cells recruited to
these lenses by injury-induced cytokines.

5. Lens degenerative pathologies induce both innate and
adaptive immune responses and immune cell acquisition of a
myofibroblast phenotype
While there are many examples of lens dysgenesis, both naturally
occurring in humans, and in animal models involving mutations or
knockouts, the belief that immune cells did not associate with the lens
has left the field with few investigations of whether there is an innate or
adaptive immune response to lens dysgenesis or degeneration. One
example of lens dysgenesis is the separation that forms along the
epithelial/fiber interface (EFI) between the apical surfaces of lens
epithelial and fiber cells in the transition zone when microtubules are
disassembled by exposing chick embryo lenses in ex vivo culture to the
drug nocodazole. (Logan et al., 2018). This separation results from a
failure of secondary fibers to elongate and interact with the adjacent
epithelium. As the lenses in these studies are removed from the eye prior
to exposure to nocodazole, it is an example of lens dysgenesis in which
an immune response could be sourced only from the population of lens
resident immune cells. Immunolabeling of these lenses for β2 integrin, a
surface receptor expressed only by immune cells, revealed that resident
immune cells of the chick embryo lens are rapidly activated in response
to this lens dysgenesis to populate the region of separation between lens
epithelial and fiber cells along the EFI (Fig. 7).
Another example of lens dysgenesis in which the response of immune
cells has been examined is the lens conditional N-cadherin knockout
mouse N-cadΔlens. In this mouse model, lens fiber cell elongation is
impaired during development (Logan et al., 2017b). This dysgenesis

6. The lens is surveilled by immune cells in response to injury in
other regions of the eye
Immune surveillance is activated for the protection of tissues and
plays an essential role in the maintenance of tissue homeostasis (Jenne
Fig. 6. Induction of chemokine and chemo
kine receptors post-cataract surgery wound
ing. qPCR was performed for the chemokine
SDF-1, its receptor CXCR4, and CCR2, the re
ceptor for CCL2, on ex vivo cataract surgery
wounded E15 chick embryo lenses at time 0 (T0),
1 h, and 24 h post-wounding. Quantifications
based on three replicates show significant in
duction of the expression of SDF-1, CXCR4 and
CCR2 within 1 h of cataract surgery wounding,
which then dropped down again within 24 h.
Study is representative of two independent ex
periments. Error bars represent S.E., *P ≤ 0.05
and ***P ≤ 0.001, unpaired t-test, ns – not
significant.
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Fig. 7. Resident immune cells are activated to
populate sites of lens dysgenesis. Chick em
bryo lenses were grown in ex vivo culture in the
presence of (A,B,C) the vehicle DMSO or (D,E,F)
the microtubule depolymerization drug nocoda
zole (10 μg/ml). 24 hr exposure to nocodazole
impairs fiber cell elongation resulting in a sepa
ration of the nascent fiber cells and lens epithe
lial cells along the epithelial fiber interface (EFI)
in the transition zone. Cryosections were coimmunolabeled for (A,C,D,F) vimentin (green),
(B,C,E,F) β2 integrin (red) and (A–F) F-actin
(blue). In normal lenses, β2 integrin+/vimentin
+ resident immune cells are located within the
lens epithelium and are recruited to regions of
lens dysgenesis at the EFI following exposure to
the microtubule depolarizing drug nocodazole.
EQ – equatorial epithelium; EFI – epithelial fiber
interface.

and Kubes, 2013; Kupper and Fuhlbrigge, 2004). Much of our under
standing of the mechanisms of immune surveillance come from the
cancer research field, where this phenomenon is key to the activation of
both innate and adaptive immunity to eliminate cancer cells, and which
is specifically targeted by cancer cells to evade elimination (Swann and
Smyth, 2007). In the eye, there is growing evidence that immune sur
veillance is induced in regions of the eye outside of the tissue that is
directly injured or compromised. Immune surveillance of avascular re
gions of the cornea and retina is induced in the N-cadΔlens mouse where
dysgenesis and cell degeneration occur only in the lens (Logan et al.,
2017a). An interesting phenomenon was observed in a mouse model of
optic nerve injury, where it was discovered that also injuring the lens
induced the secretion of factors by macrophages that stimulated axon
regeneration by the injured retinal ganglion cells (Yin et al., 2003). The
lens is also protected by the induction of immune surveillance in
response to damage in another region of the eye. Following debridement
wounding of the cornea, which removes the central corneal epithelium,
immune cells travel anteriorly along the ciliary zonule fibers that are
extended along the lens equatorial surface and onto the superficial
surface of the lens anterior capsule, a region rich in thrombospondin
(DeDreu et al., 2020) (modeled in Fig. 1D). These immune cell pop
ulations include both macrophages and neutrophils. Therefore, while
the lens maintains its avascular properties, there are mechanisms that
allow for its homeostasis, with immune surveillance sourced from other
regions of the eye. In the response to cornea wounding, the immune cells
that surveille the lens and have traveled from the vascular-rich ciliary
body across the ciliary zonules to the surface of the lens, then migrate
across the lens capsule (DeDreu et al., 2020). Their presence within the
lens appears to be protective and provide factors to maintain lens ho
meostasis. In addition to the ciliary body/ciliary zonule pathway, it is
possible that there are other sources of immune cells that can surveille
the lens in response to ocular traumas. The hyalocytes located in the
vitreous humor in the posterior eye chamber (Lutty and McLeod, 2018)
are a likely source of immune cells that could respond to a lens injury or
surveille and populate the adult lens in response to trauma or degen
erative conditions of the retina.

7. The link between inflammation in immune diseases like
uveitis and cataracts
Uveitis is an inflammatory disease of the uvea, the middle layer of
the eye where most of the eye’s vasculature is located and includes the
iris, the ciliary body, and the choroid. Uveitic inflammation has
destructive effects in both the anterior and posterior segments of the eye
(Burkholder and Jabs, 2021; Caspi, 2010; Mölzer et al., 2020; Perez and
Caspi, 2015). Uveitis commonly occurs following injuries to or in
fections of the eye and can also be associated with autoimmune or in
flammatory disorders that impact other parts of the body. While the
most common type of uveitis occurs in the front of the eye, there are
other types that include inflammation of the vitreous. This inflammatory
disease is considered a factor in the development of cataract (Richardson
et al., 2020), but how the high levels of immune cells in the aqueous
and/or vitreous humors leads to cataract formation is not known. Since
immune cells that become associated with the lens are now known to be
able to migrate across the capsule matrix and populate the lens (DeDreu
et al., 2020; Logan et al., 2017a), it is likely that the high level of cat
aractogenesis in autoimmune diseases such as diabetes and uveitis (Choi
et al., 2019; Drinkwater et al., 2019) may be linked to the high con
centration of immune cells in the aqueous and vitreous humors. Since
there are also significant complications of cataract surgery in patients
with uveitis that include the development of PCO (Llop and Papaliodis,
2018; Ozates et al., 2020; Pålsson et al., 2017; Wormstone et al., 2020),
the potential link between immune cells and this fibrogenic outcome is
an area the requires further investigation.
8. Immune cells and inflammation as contributors to lens
fibrotic disease post-cataract surgery wounding
The development of the lens fibrotic disease PCO occurs as a path
ological response to cataract surgery wounding (Chan et al., 2010;
Wormstone et al., 2009, 2020), and is characterized by the appearance
of α smooth muscle actin (αSMA)+, collagen I-producing myofibroblasts
responsible for the accumulation collagen I in the post-cataract surgery
lens (Cobo et al., 1984; Ishibashi et al., 1994; Koch et al., 2019; Kurosaka
et al., 1996; McDonnell et al., 1984; Shirai et al., 2004; Spalton, 1999;
Wormstone et al., 2020). There is also evidence of roles for other fibrotic
matrix elements in the development of PCO including tenascin-C (Tiwari
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et al., 2014) and fibronectin (Shihan et al., 2020). A well-recognized
source of αSMA + myofibroblasts in PCO is the EMT of lens epithelial
cells (Shu and Lovicu, 2017), a transition that is induced by TGFβ
signaling (de Iongh et al., 2005; Hales et al., 1994; Lee and Joo, 1999;
Shu and Lovicu, 2017). More recently, the resident immune cells of the
lens also have been shown to be progenitors of the myofibroblasts that
appear post-cataract surgery wounding (Menko et al., 2021; Walker
et al., 2018). Their transition to myofibroblasts has been observed in
chick ex vivo cataract surgery explants as well as in explants from
human pediatric cataract surgeries. As there is a well-known link be
tween inflammatory responses to tissue injury or degradative pathol
ogies and the development of fibrosis (Mack, 2018; Stramer et al., 2007;
White and Mantovani, 2013), the immune cells recruited to the
post-cataract surgery wounded lens, as shown in a mouse model of
cataract surgery (Jiang et al., 2018), should be investigated as another
potential cellular source of myofibroblasts.
Changes in the microenvironment, including the rigidity of the ma
trix produced in response to wounding, are among the factors associated
with the appearance of myofibroblasts (Hinz, 2007; Tomasek et al.,
2002). The balance between pro-reparative and pro-fibrotic outcomes is
linked to the degree of flexibility of the extracellular matrix in the
wound environment and the ultrastructure of this matrix produced in
response to wounding. It has been shown that mechanotransduction
signaling impairs skin regeneration and leads to scarring post-wounding
by promoting YAP-dependent activation of engrailed-1 in dermal fi
broblasts (Mascharak et al., 2021). Lens resident immune cells are
similarly susceptible to transitioning to a myofibroblast phenotype when
they encounter matrix environments with the rigidity of fibrotic tissues
(Walker et al., 2018). Another factor in the environment that increases
the susceptibility of lens resident immune cells to become myofibro
blasts is the association of extracellular vimentin with their surface. In
the presence of extracellular vimentin function-blocking antibodies,
resident immune cells are prevented from differentiating to myofibro
blasts (Walker et al., 2018). The cell surface binding partners of extra
cellular vimentin and its mechanisms of action still remain to be
determined.
Interestingly,
vimentin
associated
with
the
wound-activated lens resident immune cells is citrullinated (Walker
et al., 2018). Citrullination is a trigger for disassembly of vimentin in
termediate filaments (Inagaki et al., 1989), consistent with creation of
soluble extracellular vimentin pools, and is associated with fibrosis
(Dragoni et al., 2021; Li et al., 2021; Samara et al., 2017). It is important
to note that post-translationally modified forms of vimentin, while
associated with normal physiological roles in the cell, are often impli
cated in inflammatory and autoimmune diseases with modified forms of
extracellular vimentin acting as autoantigens (Musaelyan et al., 2018).
Vimentin antibodies in the serum of patients are currently used as
diagnostic and prognostic markers of autoimmune diseases like rheu
matoid arthritis (Dejaco et al., 2006; Liu et al., 2009; Mathsson et al.,
2008; Poulsom and Charles, 2008) and have been proposed as a prog
nostic tool for idiopathic pulmonary fibrosis (Li et al., 2017; Yang et al.,
2002). The connection between extracellular vimentin, the inflamma
tory response, and disease suggest that extracellular cell-surface asso
ciated vimentin may be an attractive target on resident immune cells for
the treatment of fibrosis.
Inflammation is linked to the development of fibrosis in many tissues
(Mack, 2018; Stramer et al., 2007), but whether there is link between the
inflammatory response of the eye to cataract surgery wounding and PCO
still needs further examination. Studies of the impact of steroidal and
nonsteroidal anti-inflammatory drugs on the development of PCO in
both cataract surgery patients and animal models have yielded con
founding results (Laurell and Zetterstrom, 2002; Nishi et al., 1995, 1996;
Wallentin et al., 2000; Zaczek et al., 2004). However, in a comprehen
sive study by Hecht et al. that included 25,818 cataract patients, it was
concluded that those cataract patients that received anti-inflammatory
steroids had decreased rates of PCO development, providing a strong
link between inflammation and PCO (Hecht et al., 2020). Furthermore,

as discussed above, patients with the inflammatory disease uveitis are
prone to complications post-cataract surgery that include the develop
ment of PCO (Llop and Papaliodis, 2018; Ozates et al., 2020; Pålsson
et al., 2017; Wormstone et al., 2020). Overall, these studies reveal a
complex relationship between inflammation and PCO, and the need for
additional studies. Since there are beneficial purposes to the induction of
inflammation during normal wound healing, it also will be important to
parse out the stages of the inflammatory response to cataract surgery
wounding in order to preserve those functions needed for proper wound
healing while preventing chronic inflammatory outcomes associated
with the pro-fibrotic response to lens injury.
9. Potential therapeutics
The protective role of immune surveillance of tissues and the re
sponses of the immune system to wounding, trauma, and pathology play
a critical role in regenerative repair, as do the cytokines/chemokines
that are induced when tissue resident immune cells sense danger and
activate an immune response. Therefore, in designing effective therapies
for inflammatory conditions that impact the lens it is important that they
don’t interfere with the protective/pro-regenerative functions of the
immune response while at the same time preventing an immune
response that becomes unregulated or fails to resolve. This approach will
require identification of highly specific therapeutic targets in the im
mune system. The inflammatory response to cataract surgery and its
connection to development of pathological conditions such as fibrosis is
an appealing target in which regulation of the immune response is likely
to lead to better outcomes. The confounding results found when using
steroidal and nonsteroidal anti-inflammatory drugs at the time of cata
ract surgery (Laurell and Zetterstrom, 2002; Nishi et al., 1995, 1996;
Wallentin et al., 2000; Zaczek et al., 2004) is likely due to their wide
range of downstream targets and highlights the need for designing
anti-inflammatory therapeutics that will promote a balance between the
reparative and pathological outcomes of the immune response to
wounding. Despite the concerns of unreliability of using
anti-inflammatory steroids, a large retrospective study has revealed
their general efficacy in decreasing the need for laser treatment for PCO
post-cataract surgery (Hecht et al., 2020), showing promise for
anti-inflammatory drug therapies. There is a major unmet need to
develop highly targeted anti-inflammatory drug therapies to regulate
the immune response to cataract surgery and decrease the occurrence of
PCO.
In patients with autoimmune diseases like uveitis and diabetes there
is a high occurrence of cataracts (Choi et al., 2019; Drinkwater et al.,
2019; Richardson et al., 2020), suggesting a possible connection be
tween the inflammation associated with these diseases and the devel
opment of cataracts. Therefore, the immune system could be an
important factor and crucial target to consider for preventing cataracts
from developing in these patients. Similarly, the age-related increase in
inflammation, now referred to as inflammaging (Franceschi et al.,
2018), is also likely to be a contributory factor in the development of
age-related cataract. Inflammaging has already been shown as an
important element in the development of both age-related type 2 dia
betes and cardiac disease. Therefore, in addition to addressing and
ameliorating the contribution of acute inflammatory responses to lens
pathologies, it is important to consider therapeutic approaches to pre
vent the development of cataract in the aging eye, as well as in auto
immune disease in general. Anti-inflammaging drugs have been
predicted to be crucial to preventing many age-related diseases. One of
these is metformin, which has been shown to ameliorate Th17 inflam
maging by enhancing CD4+ T cell autophagy and restoring mitochon
drial function (Bharath et al., 2020). Current research efforts aimed at
discovering effective pharmaceuticals for treating the inflammation
associated with autoimmune diseases and to combat the many
age-related diseases that have been connected to inflammaging are
likely to lead to therapeutics for inflammation-linked diseases of the
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lens.
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The discovery of lens resident immune cells has opened many
important new avenues of research. Among them is the need to inves
tigate the mechanisms by which activated lens resident immune cells
induce innate and adaptive immune responses, and whether the
response is different when the resident immune cells are activated in
response to trauma, injury, dysgenesis, or injury in another tissue of the
eye. Identification of the cytokines and chemokines produced by the
injury activated lens resident immune cells need to be examined along
with their specific impact on the T cell response. We are in the infancy of
understanding how resident APCs regulate the adaptive immune
response of the lens, including whether the production of TGFβ upon
lens wounding functions as an immunomodulator of resident APC
function. As APCs directly influence the differentiation of T-cells into
several different lineages including helper T-cells such as Th1, Th2 and
Th17 that are essential for creating adaptive immunity and regulatory T
cells (Tregs), the suppressor T cells involved in immune tolerance
(Eisenbarth, 2019; Hilligan and Ronchese, 2020; Waisman et al., 2017),
studies that determine the impact of activating lens APCs on T-cell dif
ferentiation will provide a greater understanding of the immune
response to lens wounding.
Both the lens resident immune cell population activated upon cata
ract surgery wounding and the immune cells that are recruited to the
post-cataract surgery lens can become the sources of a fibrogenic
outcome. There is much yet to learn about how immune cells responding
to lens injury participate in diverting the wound-healing response from
pro-reparative to pro-fibrotic. The microenvironment encountered by
both resident immune cells and the immune cells recruited to the lens in
response to wounding or lens dysgenesis is expected to be a major factor
in determining their fate. Therefore, an important area of future
research is to determine how lens wound-activated immune cells sense
and integrate cues from both the matrix environment of the lens and
activated cytokines like TGFβ, and their role in providing biochemical
and mechanical feedback that, in turn, modulates the composition and
architecture of the ECM. These studies should include examination of
the role of crosstalk between the matrix proteins produced by wounded
lens epithelial cells and the wound-activated resident immune cells as a
key determinant of whether the impact of the matrix microenvironment
on resident immune cell fate is regenerative or fibrogenic.
The finding that the lens is surveilled by immune cells in response to
corneal wounding and that these immune cells, whose role is protective,
can migrate across the lens capsule, demonstrate the importance of
future investigations into the impact of traumatic or pathogenic condi
tions across the eye on the lens. Such knowledge suggests the impor
tance of investigations that are focused on the impact of inflammatory
cells associated with autoimmune diseases on the development of lens
cataract, and the likely impact of inflammaging (Franceschi et al., 2018)
in which inflammatory cells are present in the environment of the lens,
on age-related cataract.
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